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The rich electronic and band structures of monolayered crystals distinguished from their 
layered bulk counterparts offer versatile physical/chemical properties and applications.
1-5
 
Their fabrications, particularly the top-down “exfoliations”, are successful promised by the 
weak Van der Waals force between monolayers.
6-9
 Differentially, un-zipping ultra-thin 
crystals (e.g. with only one layer of crystal plane) from non-layered structures is highly 
challenging due to the strong chemical bond between planes and atoms. Alterative finely 
controlled growth of these ultra-thin materials is not really successful. This work 
demonstrates how a technique can be used to unzip and disintegrate ultra-thin crystal plane 
(e.g. monolayered nanocrystals and nanosheets) from bulk non-layered structures (ZnO, ɑ-/β-
MnO2, TiO2, ɑ-TiB2), and present how the basic optical properties changed to distinguish 
from their bulk phases. The work here gives a strong tool kit to various novel 2D non-layered 
nanomaterials, providing significant contributions to the family of two-dimensional materials, 
potentially paving the way for various practical applications. 
 
Two dimensional (2D) materials such as graphene and transition-metal chalcogenide (TMC) 
monolayers have been intensively investigated from their fabrications to applications.
1-9
 Their 
properties (e.g. luminescence, metallicity) are highly distincted from bulk phases owing to the 
change of electronic and band structures.
1,2,5
 Giving the weak Van der Waals forces between layers, 
the exfoliation of 2D monolayers and thin nanocrystals (NCs) from commercial bulk layered 
materials were successful.
6-9
 Meanwhile, other ultra-thin 2D non-layered crystals were also 
expected with many unusual properties, i.e. the ~2.1 eV bandgap of 2D (011) crystal facet of rutile 
TiO2,
10
 the tunable metallic and insulating monolayers of MnO2 (only the δ-MnO2 is layered with 
different cell arrangement) in complex oxide heterostructure,
11
 the high temperature 
superconductivity and high electronic mobility of some monolayered metal oxide planes (e.g. 
Cu2O).
12,13
 Their novel physics and chemistry are highly depended on the lattice arrangement, size 
confinement, defect and element doping at atomic level. The plentiful crystal structures of these 
non-layered materials offer versatile 2D interfaces with tunable properties. 
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Nevertheless, the formation of such monolayers is highly difficult via traditional techniques such 
as the ion sputtering and vacuum annealing,
10
 pulsed laser deposition,
11,12
 molecular beam epitaxy
13
 
and wet-chemical synthesis approach.
14
 The liquid and chemical exfoliation of layered materials is 
also unsuitable for these monolayers due to the strong chemical bond between crystal planes and 
atoms.
6-9
 A technique to unzip and disintegrate ultra-thin crystal planes from their bulk non-layered 
structures is of great interests towards novel 2D interfaces. To this end, we revisited the 
insertion/extraction process of several non-layered materials.
15
 Alkali ions and atoms such as Li
+
/Li 
and Na
+
/Na can be inserted into the porous channels between/in the unit cells. Our previous studies 
showed that the reaction between the inserted K and ethanol/water disordered the surface and 
generated O vacancies of some metal oxide particles,
16
 which can also break the covalent bond of 
C-C=C-C and B-N (with ionic bond characteristics).
17,18
 It is reasonable to expect that a similar 
reaction could also unzip and disintegrate ultra-thin crystal planes from non-layered bulk structures. 
The work here demonstrates how a technique can be developed for this purpose. 
 
Figure 1 | ZnO. a, UV/Vis spectrum of 2D ZnO NCs suspension. Insets are photographs of the 
white ZnO raw material, pure ZnO NCs suspension with and without UV irradiation (excitation 
wavelength of 325 nm). b, Diagram shows the structure of wurtzite ZnO along [100] zone axis 
with some K atoms inserted. c-d, AFM image of the disintegrated ZnO sheet (c) and 2D ZnO NCs 
(d). Inserts are the line profile showing the thickness of NC and sheet. e-f, High-resolution TEM 
(HRTEM) images of ZnO NCs. 
We started from the white wurtzite ZnO (size < 5 μm, Fig. 1a inset, scanning electron 
microscope/SEM image in Extended Data Fig. 1a) for the fabrication. Briefly, 1 g ZnO and ~0.5 g 
K were transferred into a Pyrex tube which was then pumped to vacuum through the side 
connection. The Pyrex tube was heated at 190 - 200 
o
C for 4 h (white ZnO changed to black). Upon 
cooling down to room temperature, the N2 was gently introduced through the side connection. In the 
meantime, 50 mL ethanol was poured into the tube followed by the addition of 50 mL deionized (DI) 
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H2O, which was then ultrasonicated for 2 h. A suspension was collected by simple centrifugation to 
remove the powder sediment. The residual ZnO sediment was repeatedly ultrasonicated to collect 
the raw suspension. A strong cation exchange resin was used to remove the K
+
 from the raw 
suspension which was further centrifuged to remove large particles, giving the final faint yellow 
NCs suspension (Fig. 1a inset). Unlike original white ZnO powders, the collected ZnO suspension 
was luminescent (Fig. 1a inset). The yield was calculated as around 3.2 wt% based on the weight of 
the dried and purified suspension. X-ray photoelectron spectroscopy (XPS) and Raman (Extended 
Data Fig. 2a-c) confirmed the ZnO structure, which still contained some surface –OH groups. The 
smooth UV/Vis spectrum in Fig. 1a demonstrated high dispersibility of the ZnO product, while the 
absorption at wavelength region > 500 nm implicated with some bigger particles was negligible. 
The X-ray powder diffraction (XRD) was applied to check how the K was inserted into ZnO. In 
this case, the amount of K for the reaction was reduced to ~0.3 g to alleviate XRD diffractions from 
pure K. The black K-inserted ZnO (K-ZnO) powder was sealed by a thin polyimide film in the 
glove box to isolate from atmosphere (Extended Data Figure 2d inset). A schematic structure of 
the wurtzite ZnO with K insertions is shown in Fig. 1b. The nearly disappeared XRD diffractions of 
K-ZnO (Extended Data Fig. 2d) suggested that K was fully diffused into ZnO at all crystal 
directions. Close examination revealed many small diffraction peaks from K inserted ZnO phases 
(e.g. the K2ZnO2 and K2Zn6O7, Extended Data Fig. 2e). The K-ZnO was not really stable and 
changed to gray with gently restored crystal structure (Extended Data Fig. 2d) during the 
fabrication and purification (repeatedly wash by DI water and ethanol to remove residual K
+
). 
Nevertheless, atomic force microscopy (AFM) and transmission electron microscopy (TEM) 
characterizations suggested that the immediate reaction between K-ZnO and EtOH/H2O under 
ultrasonication has already unzipped Zn-O bonds, leaving small and thin ZnO crystals in the 
suspension. Many large porous sheets with thickness < 4 nm were also found in the raw suspension 
(K
+
 removed, but not well centrifuged), which were exfoliated from bulk ZnO and disintegrated to a 
certain extent (Fig. 1c, Extended Data Fig. 2f). The majority materials in the purified and well 
centrifuged suspension were thin (AFM thickness < 2 nm) and small (AFM size < 10 nm, Fig. 1d, 
Extended Data Fig. 3a-c), which contained Zn and O elements (Extended Data Fig. 3c-d). 
Lattice fringes of wurtzite ZnO were well recognized in NCs (Fig. 1e). Fig. 1f shows the TEM 
image of one ZnO NC perpendicularly laid on the carbon film with 3-4 atomic layers of (002) 
lattice fringes, corresponding well with one unit cell along [001] zone axis. More TEM 
investigations suggested that the surface exposure perpendicular to [010] zone axis (e.g. the 
exposure of (101) and (102) surfaces) were dominant (Extended Data Fig. 3e-i). 
We then conducted the similar fabrication on bulk β-MnO2 (size > 20 μm, Fig. 2a inset, 
Extended Data Fig. 1b). The collected NCs suspension was also faint yellow and luminescent, 
with an UV/Vis absorption edge at around 280-300 nm (Figure 2a). With one time sonication-
centrifugation treatment, a yield of ~ 4.1 wt % was reached. Nevertheless, the collected sediment 
can be readily unzipped further in pure water under ultrasonication, and a total yield of ~ 36.8 wt% 
was achieved (the color of the concentrated suspension was really dark, Extended Data Fig. 4a). 
Such high yield gave the morphology of final MnO2 sediment highly distinguished from the bulk 
raw material (Extended Data Fig. 4b). The chemical structure of the exfoliated NCs was 
characterized by XPS and Raman spectroscopy (Extended Data Fig. 4c,d and Extended Data 
Fig. 5a). During the heating reaction, K atoms were fully inserted into the structure (Extended 
Data Fig. 5b-d). After the fabrication, the crystal structure of the residual sediment was slightly 
restored and transformed to a-MnO2 to a certain extent (Extended Data Fig. 5b). Similar phase 
transformation has been observed in the energy storage process with ion insertions.
19
 Nonetheless, 
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the following discussion suggested that the exfoliated NCs were still mainly in β phase. AFM and 
TEM characterizations confirmed the ultra-thin (AFM thickness < 2 nm) and small size (5-20 nm) 
of NCs (Fig. 2b, Extended Data Fig. 5e,f). HRTEM images of the NC give clear lattice fringes of 
(101) of β-MnO2 (Fig. 2c-d). With the assistance of fast Fourier transform patterns (Extended 
Data Fig. 6a-b), Mn and O atoms on the facet of β-MnO2 can be well arranged in HRTEM images 
(Fig. 2c-d). Additional HRTEM investigations (Extended Data Fig. 6c-h) suggested that the 
unzipping paralleling with [001] zone axis of β-MnO2 (diagram in Extended Data Fig. 5d) was 
dominant (e.g. the exposure of (101) and (111) surfaces). Occasionally, some unzipped nanoribbons 
and ultrathin sheets with scrolled edge were identified (Extended Data Fig. 6i-l). All these 
information suggested that ultrathin β-MnO2 NCs have been unzipped from their bulk structures 
with high yield. 
 
Figure 2 | MnO2. a, UV/Vis spectrum. Insets are bulk MnO2 raw material, and pure MnO2 NCs 
suspension with and without UV irradiation (excitation wavelength of 290 nm). b, AFM image of 
MnO2 NC. c,d, HRTEM (bright field) (c) and aberration-corrected (AC) HRTEM (dark field) 
images (d) of MnO2 NC. 
With similar fabrications, ultra-thin 2D NCs can also be exfoliated from anatase TiO2 (~ 500 nm) 
and ɑ-TiB2 (~ 10 μm, Extended Data Fig. 1c,d) with yields of ~ 3.6 wt% and 2.4 wt% respectively. 
The latter is more complex and has the chemical combination of ionic, covalent and metallic bond. 
Except the surface –OH groups on both TiO2 and TiB2 NCs, XPS and Raman characterizations 
suggested that TiB2 NCs were highly oxidized (Extended Data Fig. 7). These NCs were also 
luminescent, but have slightly different color (TiO2: faint yellow, TiB2: light white) and absorption 
characteristics (Fig. 3a&d). AFM images in Fig. 3 suggested roughly the similar size (< 20 nm) and 
ultrathin structure (AFM thickness < 2 nm) of both TiO2 and TiB2 NCs. Nevertheless, our TEM 
suggested that TiB2 NCs (~ 5 nm) were much smaller than TiO2 NCs (5-20 nm) (Extended Data 
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Fig. 8, 9). The TiO2 NCs were highly crystallized with main surface exposure perpendicular to the 
[010] zone axis (Fig. 3c, Extended Data Fig. 8). Some TiO2 NCs were dislocated, giving slight 
different angles between the lattices of (200) and (004) (Extended Data Fig. 8k-l). By contrast, 
TiB2 NCs was usually disordered (Extended Data Fig. 9), which was likely induced by the 
extensive oxidation during the fabrication. Fig. 3f shows such disordered surface, with lattice of 
(100) roughly recognized. Although the crystal surface perpendicular to the [010] zone axis was 
usually observed in NCs (Extended Data Fig. 9), we cannot conclude the main surface exposure of 
TiB2 NCs. Like the above demonstrated K insertion process, the TiO2 raw material was also fully 
disordered by K insertion, which was then slightly recovered after the fabrication (Extended Data 
Fig. 10a,b). Giving the unzipping of ultrathin NCs, the exfoliated thin edges and highly cracked 
sheets were observed on some residual TiO2 particles (Extended Data Fig. 11a-c). TiB2 was 
relatively hard to be inserted by K, giving some identifiable XRD peaks of the K-TiB2 (Extended 
Data Fig. 10c,d). These peaks were mostly recovered to close to that of the raw TiB2. Nevertheless, 
the exfoliated edge in the residual TiB2 was also observed by showing many thin crystal whiskers 
on the surface, which is fully different with that of the raw TiB2 (Extended Data Fig. 11d-i). 
 
Figure 3 | TiO2 and TiB2. a, UV/Vis spectrum of TiO2 NCs suspension. Insets are photographs 
of the bulk TiO2 raw material, the pure TiO2 NCs suspension with and without UV irradiation 
(excitation wavelength of 300 nm). b, AFM profile of TiO2 NCs. c, HRTEM image of one TiO2 
NC (bright field). d, UV/Vis spectrum of TiB2 NCs suspension. Insets are photographs of the bulk 
TiB2 raw material, the pure TiB2 NCs suspension with and without UV irradiation (excitation 
wavelength of 265 nm). e, AFM profile of TiB2 NCs. f, HRTEM images of one TiB2 NC (bright 
field). 
The product yield can be further improved if the residual powder was re-used for the fabrication 
(Fig. 4a). With more operations, the yield of ZnO and TiO2 was slightly increased, whilst the yield 
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of TiB2 was relatively stable. As for the MnO2, the yield was improved to ~51.5 wt% at the second 
time fabrication. These new MnO2 NCs have similar Raman and XPS (Extended Data Fig. 4c,d, 
5a) to that of β-MnO2 NCs from the first time fabrication. Although the newly fabricated NCs have 
the similar size (or slightly larger than) and AFM thickness to that of β-MnO2 NCs described above 
(Extended Data Fig. 4b), the UV/Vis spectrum was fully different with that of β-MnO2 NCs 
(shoulder peak at ~290 nm, Fig. 2a), giving a small blue shifter shoulder absorption region around 
250 nm (Extended Data Fig. 12a). Further TEM characterizations suggested that NCs from the 
second time fabrication were mainly ɑ-MnO2 with exposed surface perpendicular to [001] zone axis 
(Extended Data Fig. 12d-l). As examples, AC-TEM images in Fig. 4c,d clearly showed the lattice 
of (200) and (310) from ɑ-MnO2. 
 
Figure 4 | a, A bar chart of the yield of different NCs against the fabrication time. The error bar 
was treated as 2.5 wt% generated in the purification process. b, AFM profile of ɑ-MnO2 NCs. 
c,d, AC-HRTEM (dark field) images show (200) and (310) lattices of ɑ-MnO2. e, PL and PLE 
spectra of ɑ- and β-MnO2 NCs. f, TRPL spectra of ɑ- and β-MnO2 NCs. 
The above differences on the surface exposure and crystal phase of MnO2 have led to significant 
changes on optical properties. Shown as Fig. 4e, the maximum photoluminescence (PL) emissions 
of β-MnO2 and ɑ-MnO2 NCs were found at 400 and 430 nm with excitation wavelength of 290 and 
325 nm, respectively. β-MnO2 NCs have main PL excitation (PLE) peak at ~290 nm, and a weak 
shoulder peak at ~340 nm, while ɑ-MnO2 NCs showed the PLE peaks at 260 and 325 nm. During 
TEM characterizations, we did not see any information to support the smaller size of ɑ-MnO2 
comparing with β-MnO2 NCs, and the quantum confinement effect cannot explain such difference 
on optical properties. Besides, dynamics of the light emission of these NCs were also different from 
each other, giving three components (0.7, 3.6 and 11.4 ns) of ɑ-MnO2 NCs and mainly two 
components (2.2 and 6.8 ns) of β-MnO2 (Fig. 4f). In a similar way, we also checked optical 
 7 / 23 
 
properties of other fabricated NCs in details (Extended Data Fig. 13). ZnO NCs have an optical 
bandgap of ~4.83 eV and an in-band gap of ~ 3.82 eV, which is significantly larger than the direct 
gap of some reported ZnO quantum dots (3.7-3.9 eV, size around 3-4 nm, Bohr radius ~ 1.8 
nm).
20,21
 It has the highest emission at ~440 nm (excitation = 325 nm), with the long life time of 1.4 
(33.5% ratio) and 6.0 ns (66.5% ratio), which are significantly longer than other ZnO nanomaterials 
(e.g. hundreds picoseconds).
22,23
 As for the TiO2 and TiB2 NCs, they have the highest emission peak 
at ~415 nm (excitation of 300 nm) and ~365 nm (excitation of 260 nm) respectively, and 
luminescent decay time at nanosecond level. Band structure of ɑ-TiB2 NCs was more complex 
because of the surface oxidization, giving likely new emission centers (e.g. B-O, Ti-B and B 
species),
18
 resulting three gap levels at around 5.49, 4.85 and 4.15 eV (versus 4.88 and 4.04 eV of 
TiO2). Precise assignments of the effects on these optical properties are still difficult at this stage. 
Nevertheless, the work here has already demonstrated that our developed “K-intercalated unzipping” 
technique can be well used to unzip ultrathin NCs (also large sheets if suitable purification process is 
adopted) from non-layered bulk materials. The versatile electronic and band structures from these 
new ultra-thin NCs are decided by not only the surface exposure, crystal phase, but also the other 
surface arrangement such as doping and oxidization. Starting from this work, we may foresee a 
great future vision on the controllable surface regulation of many 2D non-layered materials, to 
enable a toolbox for various implementations (e.g. edge and surface polarized electronic structure, 
catalysis, and bio-science). 
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Supplementary information 
Fabrications 
ZnO NCs: In the glove-box, 1 g ZnO (< 5 μm, Sigma Aldrich: product No. 205532) and ~0.5 g K 
(Sigma Aldrich: product No. 244864) were transferred into a Pyrex tube which was then mounted in 
a fume cupboard and pumped to vacuum through the side connection. The Pyrex tube was firstly 
heated to 140 
o
C and gently shaked to allow K fully melted and mixed with ZnO. The tube was 
further heated to190 - 200 
o
C and kept for 4 h. After the reaction, cool down the Pyrex tube, and 
gently introduce the N2 into tube through the side connection. In the meantime, pour 50 mL ethanol, 
and then 50 mL deionized (DI) H2O into the Pyrex tube, which was then ultrasonicated for 2 h (480 
W). A suspension was collected by simple centrifugation to remove powder sediment. The sediment 
was ultrosonicated again in 100 mL EtOH/H2O (1: 1 volume ratio), and the suspension was 
collected by centrifugation. The suspension was repeatedly washed by a strongly acidic cation 
exchanger to remove any K
+
. This suspension was further centrifuged to remove large particles, 
resulting faint yellow NCs suspension. For the repeated fabrication, ZnO sediment was washed by 
DI water and ethanol, dried in the oven, and then cooled down to room temperature in a desiccator. 
The collected sediment was mixed with ~0.5 g K in the Pyrex tube again for the repeated reaction as 
that described above. The yield of the NCs was calculated by the weight of the fully dried 
suspension (~80% dried and weighed, and ~20% remained for other characterizations). 
MnO2, TiO2, TiB2 NCs: Materials were purchased from the Sigma-Aldrich (TiB2: product No. 
336289; MnO2: product No. 243442; TiO2: product No. 248576). Fabrication of these NCs were 
followed the similar procedure with that of ZnO NCs. For the TiB2, materials were hard to be 
wetted by molten K, and the reaction was performed at over 200 
o
C for > 6 h with occasional 
shaking of the tube. The repeated fabrication of the TiO2 and TiB2 NCs was the same to that of ZnO. 
For the MnO2, the residual material was dispersed in 100 mL DI water and was treated by 
ultrasound for 30 mins to further exfoliate NCs. Collection of the NCs was followed the same way 
as that for the first-time fabrication. The exfoliation process was repeated for 8 times, and the 
residual MnO2 was further mixed with K with the same stoichiometric ratio to that of the first-time 
fabrication. Separation and purification of the NCs were also the same to that of ZnO. The yield of 
the NCs was also calculated by the weight of the fully dried suspension. 
Characterizations: SEM was performed using a JSM-7500F field emission scanning electron 
microscope. XRD was performed using a PANalytical Empyrean XRD (Cu Kα, wavelength ~ 
0.154 nm, with a scanning step of 2
o
 min
-1
). PL and PLE spectra were recorded using a Hitachi F-
4500 Fluorescence Spectrophotometer at 20 
o
C. TPRL spectra were recorded using an Edinburgh 
FS5 fluorescence spectrometer. Laser excitation wavelength of 310 nm was used for the TRPL 
measurement, and the corresponding maximum light emissions at different positions were recorded. 
Atomic force microscopy (AFM) was performed using a VEECO Dimension 3100 system in 
tapping mode with a scan rate of 1 Hz (with samples placed on mica substrates). TEM and AC-
TEM images were obtained using a JEOL JEM-2010 and JEOL ARM 200F at 200 kV, respectively. 
UV/Vis spectra were recorded using a Shimadzu-3600 UV-VIS-NIR spectrophotometer. XPS 
was performed on a Thermo Fisher Nexsa X-Ray Photoelectron Spectrometer (XPS) System. 
The binding energy of XPS was calibrated based on C1s (284.6 eV). Raman spectra were 
recorded by the Horiba LabRAM HR Evolution with excitation wavelength of 633 nm. 
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Extended Data Figure 1 | SEM images of raw materials. a, ZnO. b, MnO2. c, TiO2. d, TiB2. 
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Extended Data Figure 2 | ZnO. a, Zn2p XPS. b, O1s XPS. Except the ZnO, the surface –OH was 
also recognized in the XPS at around 531.5 eV.
[S1]
 c, Raman spectrum show various modes at 
around 549, 470, 430-393 (430, 407, 393), 354 and 327 cm
-1
, which can be assigned to the modes of 
A2 (LO), E2 (high), E1 (TO) (surface O vacancy and –OH groups), A1 (TO) and E2 (high) – E2 
(low) of ZnO nanomaterials, respectively.
[S2,S3]
 d, XRD patterns of ZnO raw materials, sediment 
and K-inserted ZnO powder with nearly same amount of the powder. Inset is the self-made XRD 
holder for the K-inserted sample, which has a XRD background below 20º as indicated. The crystal 
structure of ZnO (ICCD card: 01-079-0207, hexagonal wurtzite) was highly disordered by the K-
insertion (blue pattern), which was gently recovered after the extraction of K (red pattern). e, XRD 
pattern of ZnO raw materials and K-inserted ZnO. The relative XRD intensity was changed for 
better comparison. XRD diffractions from pure potassium (ICCD card: 01-089-4080) is nearly 
invisible. Comparing with ZnO raw material, beside the weakened diffractions from ZnO structure, 
many new diffraction peaks appeared at lower angle positions, which all can be assigned to the K 
inserted ZnO materials (ICDD card: 01-076-0733 for K2ZnO2, 01-070-1276 and 01-070-0473 for 
K2Zn6O7). f, AFM topography of raw ZnO suspension, showing many porous thin particles. 
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Extended Data Figure 3 | ZnO. a-c, AC-TEM image (dark field) and corresponding elemental 
mapping. e-i, HRTEM images (only f is the dark field AC-TEM image) of NCs show the surface 
exposure perpendicular to the [010] zone axis. Inset in e is the FFT pattern of different NCs, which 
shows only the diffraction from (102) plane. The lattices of (101) of wurtzite ZnO are showed well 
in figures e-f. The NCs in figure i were all recognized with (101) exposures. All these information 
suggested the mainly surface exposure perpendicular to the [010] zone axis. Note: the main 
surface exposure was concluded with more TEM images, and we only show some representing 
data here (same to the other samples below). 
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Extended Data Figure 4 | MnO2. a, The concentrated and diluted NCs suspension. b, SEM image 
of the residual MnO2 material after one time fabrication. c,d, Mn2p (c) and O1s XPS (d) of MnO2 
NCs fabricated from the 1
st
 (β phase NCs) and 2nd (ɑ phase NCs) K insertion reactions. In both β- 
and ɑ-MnO2, the peak at 643.9 and 640.1 eV can be ascribed to the Mn states in MnO2 binding with 
surface –OH and with O vacancies, respectively.[S4] β- and ɑ-MnO2 NCs have satellite peaks of 
MnO at ~647.1 and 647.4 eV respectively, which are not present in either Mn2O3 or MnO2.
[S5]
 The 
split-orbit components of β- and ɑ-MnO2 NCs were 11.66 and 11.75 eV, respectively. However, 
deconvolution of the Mn2p of β-MnO2 gives peaks of P1, P2, P3 and P4 at 652.6, 653.9, 641.2 and 
642.3 eV, respectively. P1-P4 peaks of ɑ-MnO2 were fitted as 652.6, 654.0, 640.9 and 642.3 eV, 
respectively. Peaks at lower binding energies (e.g. P1 and P3) were ascribed to the loose surface 
structure around the MnO2 octahedra, whilst peaks at higher binding energies (e.g. P2 and P4) were 
ascribed to the body MnO6 octahedra. Nevertheless, the P1-P4 peaks of our β- and ɑ-MnO2 NCs 
were all down shifted to the lower binding energies comparing with nanofibers with (110) 
exposures (P1-P4 at 653.75, 654.65, 642.26, 642.76 eV, respectively).
[S6]
 This difference implicated 
that the ratio of loose surface structure in our NCs was significant higher, corresponding well with 
the thin structure indicated by AFM characterizations. The slight difference between Mn2p of β- 
and ɑ-MnO2 NCs can be ascribed to the different crystal structures, surface exposures and O 
vacancies, which were hardly to be clearly differentiated. In O1s XPS (f), the Mn-O of both β- and 
ɑ-MnO2 NCs were found as 529.4 eV. The O species from the surface –OH was found at around 
531.4 eV (Mn-OH).
[S6]
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Extended Data Figure 5 | MnO2. a, Raman spectra of β-MnO2 (the 1
st
 time fabrication) and ɑ-
MnO2 NCs (the 2
nd
 time fabrication). The Raman response under the laser irradiation at low powder 
(LP) was really weak (sometimes no any response). Therefore, the beam irradiation with high power 
(HP) was applied, although the Raman response was slightly shifted from that under LP beam 
irradiation. The Raman response at around 640-657 cm
-1
 can be ascribed to the stretching mode of 
the MnO6 octahedra.
[S7]
 b, XRD patterns of MnO2 raw materials, sediment and K-inserted MnO2 
powder with nearly same amount of the powder. The crystal structure of β-MnO2 (ICCD card: 01-
081-2261) was highly disordered by K-insertion (blue pattern), which was gently recovered with 
phase change to ɑ-MnO2 (ICCD card: 01-072-1982; and/or with few δ-MnO2, ICCD card: 00-018-
0802, main peaks slightly shifted) after the extraction of K (red pattern). The phase conversion 
was likely happened during the fabrication in the solvent rather the insertion reaction as that 
suggested by XRD patterns in figure c. The bumped peak below 20
o
 was from the sample holder. 
Note: the sediment may also contained some K-MnO2 phase (e.g. the ICCD card: 00-042-1317). 
c, XRD patterns of MnO2 raw material and K-inserted MnO2. The relative intensity of XRD pattern 
was changed for better comparison. Beside some diffractions from raw β-MnO2, other peaks of K-
MnO2 can all be indexed as KMn2O4 (ICCD card: 00-042-1317), K2Mn4O8 (ICCD card: 00-016-
0205) and KMn8O16 (ICCD card: 00-012-0706). No peaks from ɑ-MnO2 were identified in the 
XRD pattern (indexed by the red arrow). All these information suggested that the K has been well 
inserted into β-MnO2 and the crystal structure of hosting β-MnO2 was highly disordered. d, 
Diagram shows the structure of β-MnO2 along the [001] zone axis with K insertions. e, TEM image 
of MnO2 NCs from the 1
st
 time fabrication. f, AFM image and line profile of the highly 
concentrated MnO2 NCs from the 1
st
 time fabrication. 
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Extended Data Figure 6 | MnO2 NCs. a-b, FFT patterns corresponding with Fig. 2c and d, 
respectively. c-d, TEM image (dark field) and corresponding element mapping. e-h, HRTEM 
images (bright field) and corresponding FFT patterns suggested the dominant exposure of (101) and 
(111) (unzipping paralleling with the [001] zone axis). i-j, HRTEM images (bright field) of 
exfoliated MnO2 edges. k-l, A MnO2 sheet with scrolled edge (magnified in figure l. The sheet was 
moved during TEM characterization). The thickness of the scrolled and folded edge was around 3.7 
nm, suggesting the ~1.85 nm thickness of the sheet. 
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Extended Data Figure 7 | TiO2 and TiB2. a,b, Ti2p (a) and O1s (b) XPS of TiO2 NCs. The Ti2p 
can be fitted with Ti
4+
 and Ti
3+
 at (458.45 and 464.2 eV) and (456.5 and 461.7 eV), respectively. 
The ratio of Ti
3+
 is around 25.7%. The O1s at 529.7, 530.5 and 530.3 eV can be assigned to TiO2, 
Ti2O3 and non-lattice –OH groups. These values are the nearly the same to the reported data.
[S8]
 c, 
Raman spectrum of TiO2 NCs shows peaks at around 144.8, 202.4, 235.8, 281.5, 346.7, 389.3, 
633.8 cm
-1
, which all can be assigned to the TiO2 and defected phase.
[16,S9]
 d,e, Ti2p (d) and B1s (e) 
XPS of TiB2 NCs. The Ti2p can be fitted with Ti
4+
 (TiO2), Ti
3+
 at (458.7 and 464.5 eV) and (456.7 
and 462.5 eV), respectively. The ratio of Ti
3+
 is around 37.9%. The Ti in TiB2 is at the position with 
lower binding energy as that indicated in the figure. In the B1s XPS, both the B
3+
 and B states in 
TiB2 are identified at around 191.5 and 187.6 eV, respectively. These values are according well with 
the reported data.
[S10]
 f, Raman spectrum of TiB2 NCs gives peaks at around 142.9, 250, 437.9 and 
605.7 cm
-1
. The latter three peaks can be assigned to the Raman modes from TiB2.
[S11,S12]
 The peak 
at 142.9 cm
-1
 is close to that in TiO2, which may induced by the oxidization phase in TiB2. 
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Extended Data Figure 8 | TiO2 NCs. a, TEM image shows the size distribution. b-c, TEM (b) and 
corresponding element mapping (c). d-f, TEM images show the dominant (200) exposure of NCs. 
Inset in figure e is the FFT pattern, giving the diffraction from (200). HRTEM images of labeled 
NCs were shown in figures e-f, giving (200) exposures of all NCs (FFT patterns were used to assist 
the measurement). g-j, Lattice fringes of (200) were clearly identified (ICCD card: 03-065-5714). k-
l, Lattices fringes of (200) and (004) were identified in NCs, while the crystal dislocation was 
common in some NCs, giving the slight different angles between the lattices of (200) and (004). 
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Extended Data Figure 9 | TiB2 NCs. a, TEM image shows the size distribution. b-c, TEM (b) and 
corresponding element mapping (c). d, TEM image gives the (001) lattice of one nanosheet. e-i, 
TEM images show the crystal surface perpendicular to the [010] zone axis. Figure i is the dark field 
image. These NCs were high disordered with dislocated lattice arrangement. 
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Extended Data Figure 10 | TiO2 and TiB2. a, XRD patterns of TiO2 raw materials, sediment and 
K-inserted TiO2 powder with nearly same amount of the powder. The crystal structure of anatase 
TiO2 (ICCD card: 03-065-5714) was highly disordered by K-insertion (blue pattern). The crystal 
structure of anatase TiO2 was slightly recovered after the exfoliation reaction (red pattern). b, XRD 
patterns of TiO2 sediment and K-inserted TiO2. The intensity of the pattern was changed for better 
comparison. XRD peaks in TiO2 sediment are weak, but the anatase phase is identified (ICCD card: 
03-065-5714). Besides the very weak (close to the instrument background) XRD diffractions, other 
new peaks have also been recognized (asterisk), which can be associated to the K-inserted structure 
(e.g. the ICCD cards of 01-081-2039, 00-001-1016 and 00-013-0447). c, XRD patterns of TiB2 
raw materials, sediment and K-inserted TiB2 with nearly same amount of the powder. Crystal 
structure of TiB2 (ICCD card: 00-035-0741) was highly disordered in K-TiB2, which was generally 
recovered in sediment. d, Enlarged XRD patterns of K-TiB2 and sediment. Unlike other materials in 
the work, the presence of relatively strong XRD diffractions of TiB2 in K-TiB2 suggested that the K 
has been inserted into part of the structure, i.e. part of the structure has been fully disordered and 
others were still remained as highly crystallized. 
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Extended Data Figure 11 | a,b, AFM images and corresponding 2D line profile of the residual 
TiO2 particles after one time fabrication, showing some ultrathin edges and crystal steps. c, TEM 
image shows the cracked TiO2 structures. d, TEM image of the raw TiB2 particle. e-f, AC-TEM 
image and corresponding element mapping of residual TiB2 particles after 5 times fabrication. g-i, 
TEM images of the surface of residual TiB2 particle. Comparing with the raw TiB2 particle, the 
surface of residual TiB2 was highly exfoliated and disordered, giving many crystal whiskers which 
have not been exfoliated into the NCs suspension (g). The whiskers were very thin, giving some 
wrinkles on the sheet (h). One whisker shows the thickness of < 2 nm at the wrinkle position, which 
suggested that the whiskers were very thin (i). 
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Extended Data Figure 12 | Characterizations of ɑ-MnO2 NCs. a, UV/Vis spectrum. b, c, AC-
TEM image and corresponding EDS mapping. d-g, HRTEM images (d,f) and corresponding FFT 
patterns (e,g) suggested that the most exposed surface were the crystal facet which perpendicular to 
the [001] zone axis. h-l, HRTEM images show the (200) and (400) lattice. Figure h is the dark field 
image. 
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Extended Data Figure 13 | a,b, PL, PLE (a) and TRPL (b) spectra of ZnO NCs. c,d, PL, PLE (c) 
and TRPL (d) spectra of TiO2 NCs. e,f, PL, PLE (e) and TRPL (f) spectra of TiO2 NCs. Laser 
excitation wavelength of 310 nm was used for the TRPL measurement, and the corresponding 
maximum light emission at different positions were recorded. 
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